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Source: Dave McCarthy, “ASU / IGCC Integration Strategies,” Gasification Technologies Conference 2009, Colorado Springs, CO, 5 Oct. 2009.
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phosphide wafer with metal contacts) Credit: Aaron Sathrum, UCSD
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Chemists at the University of California, San Diego have demonstrated the feasibility of exploiting

sunlight to transform a greenhouse gas into a useful product.



Solar Steam Gasifier JHE Example
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Fig. 1 — A downdraft gasifier with concentrated thermal radiation as source of energy.

Source: E.D. Gordillo, A. Belghit, “A downdraft high temperature steam-only solar gasifier of biomass char: A modeling study,” Biomass &
Bioenergy, 35, 2034-2043 (2011).



Solar Steam Gasifier JHE Example
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Fig. 1. Section view of the packed-bed solar reactor, featuring two cavities separated by an emitter plate, with the upper one serving as the radiative absorber and the lower one

containing the reacting packed bed that shrinks as the reaction progresses.

Source: Nicolas Piatkowski, Christian Wieckert, Aldo Steinfeld, “Experimental investigation of a packed-bed solar reactor for the steam-gasification
of carbonaceous feedstocks,” Fuel Processing Technology 90 (2009) 360—366.



Solar Steam Gasifier JI Example
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Fig. 1 - Scheme of the solar chemical reactor configuration
for the steam-gasification of coke, featuring a continuous
gas-particle vortex flow confined to a cavity-receiver and
directly exposed to concentrated solar radiation.

TIAE

Source: A. Z’Graggena, A. Steinfelda, “Hydrogen production by steam-gasification of carbonaceous materials using concentrated solar energy —
V. Reactor modeling, optimization, and scale-up,” Int. J. of Hydrogen Energy, 33, 5484-5492 (2008).
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Gasoline

THE SUN BATHES THE EARTH IN MORE ENERGY
inan hour than civilization uses in a year. If
scientists could convert even a fraction of
that surplus into a liquid fuel, our addiction
to fossil fuels for transportation, and the

director of the Joint Center for Artificial
Photosynthesis at the California Institute
of Technology.

S & JHE 9] Solar Gasoline

1) Fusion-Triggered Fission
2) Solar Gasoline

3) Quantum Photovoltaics
4) Heat Engines

5) Shock-Wave Auto Engine

6) Magnetic Air Conditioners

7) Clean(er) Coal — lonic Liquids

One intriguing effort at Sandia National
Laboratories employs a six-meter-wide dish
of mirrors in the New Mexico desert. It con-
centrates the sun’s rays on a half-meter-
long cylindrical machine shaped like a beer
keg that is mounted in front of the dish. The
mirrors focus sunlight through a window in
the machine’s wall on a dozen concentric
rings that rotate once a minute, Teeth of
iron oxide (rust) or cerium oxide rim the
rings and rotate into the beam, heating to
1,500 degrees Celsius. That heat drives the
oxygen out of the rust. As the teeth rotate
backinto the cooler, dark side of the reac-
tor, they suck oxygen back out of steam or
out of carbon dioxide that has been intro-
duced into the chamber, leaving behind
energy-rich hydrogen or carbon monoxide.

The resulting mixture of hydrogen and

is emitted when the fuel is burned. Such
asystem of solar fuels “is like killing four
birds with one stone," says Arun Majumdar,

director of the Advanced Research Projects
Agency-Energy: clean fuel supply, greater
energy security, carbon dioxide reduction
and less climate change.

Researchers elsewhere, including at the
Swiss Federal Institute of Technology in Zu-
rich and the University of Minnesota, are
developing syngas-producing machinery.
And some start-up companies are pursuing
other paths. Sun Catalytix in Cambridge,
Mass., dips a cheap catalyst into water and,

~| COOKING IRON FOR FUEL |-

—— Concentrator

Oxide

using electricity from a solar panel, creates
hydrogen and oxygen. Liquid Light in Mon-
mouth Junction, N.J., bubbles CO, into

an electrochemical cell that builds it into
methanol. And Lewis himself is building ar-
tificial leaves from semiconducting nano-
wires that absorb sunlight to split water
into hydrogen and oxygen.

Of course, overcoming practical prob-
lems is the main hurdle. At Sandia, the teeth
keep cracking, impeding the reaction.
“You're cycling back and forth from 1,500
degrees to 900 degrees; that's a lot to ask of
amaterial,” notes chemist Gary Dirks, direc-
tor of LightWorks at Arizona State Universi-
ty, who is not involved with the work. The
next step is to make the rust structure more
robust at the nanoscale or to find even bet-
ter tooth materials. The high cost of the

problems they cause, could end. “Chemical carbon monoxide s called synthesis gas, or e mirrors would also have to drop. Sandia’s

fuels would be the game changer if you syngas—the basic molecular building block | Hygrogen Oggen | researchers suggest their syngas engine can

could directly make them efficiently and for fossil fuels, chemicals, even plastics. The fuel out S make fuel for $10 per gallon ($2.65 a liter).
e cheaply from sunlight,” notes Nathan Lewis, process could also absorh as much €0, as ) E “We haven't proved to ourselves that we

can'tdo it,” says chemical engineer and co-
inventor James E. Miller, “but we're a long
way from doing it.” —David Biello



THE SUN BATHES THE EARTH IN MORE ENERGY
inan hour than civilization uses in a year. If
scientists could convert even a fraction of
that surplus into a liquid fuel, our addiction
to fossil fuels for transportation, and the
problems they cause, could end. “Chemical
fuels would be the game changer if you
could directly make them efficiently and
cheaply from sunlight,” notes Nathan Lewis,
director of the Joint Center for Artificial
Photosynthesis at the California Institute

of Technology.

Of course, overcoming practical prob-
lems is the main hurdle. At Sandia, the teeth
keep cracking, impeding the reaction.
“You're cycling back and forth from 1,500
degrees to 900 degrees; that’s a lot to ask of
a material,” notes chemist Gary Dirks, direc-
tor of LightWorks at Arizona State Universi-
ty, who is not involved with the work. The
next step is to make the rust structure more
robust at the nanoscale or to find even bet-
ter tooth materials. The high cost of the
mirrors would also have to drop. Sandia’s
researchers suggest their syngas engine can
make fuel for $10 per gallon ($2.65 a liter).

(Sandia National Lab. Ji¥)
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Source: Alexis T. Bell, “New Feed stocks for the Chemical Industry”, University of California, Berkeley.



Fig. 1 Schematic of the solar reactor for the two-step, solar-driven thermochemical
production of fuels.
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Concentrated solar radiation
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Compound
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The reactor’s solar-to-syngas energy conversion efficiency,
experimentally measured with a 2-kW prototype, is 0.7 to

oncentrat : : L .
’ concentrator 0.8%, which Steinfeld says is significantly higher than those
-~ H,0,C0, of current photocatalytic methods for CO, dissociation.
R St A thermodynamic analysis indicates that efficiencies of 16%
oxide or more are achievable with the new reactor.
0,,H,, CO
The reactor was designed by solar technology specialist of ETH, the Swiss Federal Institute of

Technology, Zurich; materials scientist

of California Institute of Technology; and coworkers (

). It uses concentrated solar energy to thermochemically dissociate CO, and H,O via
cerium oxide redox reactions to produce CO and H,, respectively, with O, as a by-product. CO and H, form syngas,
which can be processed to generate methanol, gasoline, and other liquid fuels.

Source: Chueh WC, Falter C, Abbott M, Scipio D, Furler P, Haile SM, Steinfeld A. High-Flux Solar-Driven Thermochemical
Dissociation of CO2 and H20 using Nonstoichiometric Ceria. Science, 24 December 2010: Vol. 330 no. 6012, pp. 1797-1801.
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Fig. 2 Thermochemical cycling of ceria (325 g) using the solar reactor with (A) CO2 and (B)
H20 as oxidant.

w
g
)

—~ 40— : . ; : ) ; . — 2000 —~ 400 ; . .
= 1 co 1 c " - 15L T "
E 3. 14 L o . | o - £ 04 : : {800 €
4 ' il T 2 13L 13L 600 =
£ 2 Ollio0 E  E 20- ! E
o 104 0z | - 500 g o 104 oz 200 (¥
o 1 /os8aL 0.73L 0.65L 0.54 L0\ ] N 1 los81L 0.83L 0.94L 0.87L i N
O o4 : \ : : . : ; . “lo O O o : ; . . 3 > 2 o I
R 4 10 100 200 300 -
p Top
1500 Lot . 1500 onter | ]
—_ —~ Bottom A
o o / [
~ 1000 ~ 1000 -
~ ~
1640°Cly/ 1622°C |/ 1636°C 1 1622°C |
500 500 -~ T T T T T T T
0 100 200 300

Time (min)

Time (min)

W C Chueh et al. Science 2010;330:1797-1801

IAE



Fig. 4 O2 (black) and H2 (red) evolution rates for 500 water-splitting cycles.
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O The ultimate source of H, for the Chemical Process
Industry is H,0

O The ultimate source of C may be atmospheric CO,
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Source: Alexis T. Bell, “New Feed stocks for the Chemical Industry”, University of California, Berkeley.



